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(57) ABSTRACT

A solar cell includes: a first electrode layer formed on a
substrate; a generating layer formed on the first electrode
layer; and a second electrode layer formed on the generating
layer, at least one of the first electrode layer and the second
clectrode layer being a metal electrode layer having optical
transparency, the metal electrode layer having a plurality of
openings that penetrate through the metal electrode layer. The
metal electrode layer includes metal parts, any two metal
parts of the metal electrode layer continues to each other
without a cut portion, the metal electrode layer has a film
thickness 1n the range of 10 nm to 200 nm, and sizes of the
openings are equal to or smaller than 14 of the wavelength of
light to be used for generating electricity.
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SOLAR CELL AND METHOD FOR
MANUFACTURING METAL ELECTRODE
LAYER TO BE USED IN THE SOLAR CELL

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present imnvention relates to a solar cell, and
more particularly, to a metal electrode layer to be used in the
solar cell. The present invention also relates to a method for
manufacturing the metal electrode layer to be used 1n the solar
cell.

[0003] 2. Related Art

[0004] The energy of sunlight falling to the entire earth 1s
said to be 100,000 times larger than the electric power con-
sumption of the entire world, and we are surrounded by an
enormous amount of energy resources, even when not doing
on 1ndustrial activities. To make good use of the enormous
energy resources, studies have been made on the techniques
related to solar cells utilizing the energy of sunlight. A solar
cell 1s a device for converting the energy resource (the sun-
light) 1into electric energy human beings can easily use. Solar
cells are considered to be essential devices 1n solving today’s
energy shortage problem.

[0005] The solar cells available today can be classified into
silicon (S1) solar cells and compound-semiconductor solar
cells. The silicon solar cells can be further classified into a
single-crystal S1type, a poly-S1 type, an amorphous S1type, a
microcrystalline S1type, and tandem structures of those types
of cells. Those classified types of silicon solar cells vary 1n
conversion elficiency, costs, and processability, and there-
fore, are selected 1n accordance with the purposes and places
of use.

[0006] Each of the types of solar cells 1s now brietly
described. Among the S1 solar cells, single-crystal S1 solar
cells have the highest conversion etficiency, and the conver-
sion efficiency of some of the single-crystal S1 solar cells
available on the market 1s as high as 20% 1n practice. The
production costs of poly-S1 solar cells are lower than those of
single-crystal S1 solar cells, and poly-S1 solar cells have the
largest market share 1n recent years, because of their good
balance between stable performances and costs. Further,
amorphous Si solar cells have lower efficiency than crystal-
line S1 solar cells, but the absorption coetlicient of an amor-
phous S1 film 1s several hundreds times larger than that of a
crystalline S1 film. Accordingly, 1t 1s possible to form a thinner
light absorption layer with an amorphous S1 film. Because of
the above facts, amorphous S1 solar cells are inexpensive, do
not require many materials, and can be easily manufactured.
Accordingly, amorphous Si solar cells are suitable 1n elec-
tronic calculators and the likes. Meanwhile, the microcrys-
talline silicon type involves a microcrystalline thin film
formed by CVD or the like. The microcrystalline silicon type
may be regarded as one of polycrystalline types, but also
exhibits amorphous properties, depending on the conditions
for film formation. The microcrystalline silicon type 1s abbre-
viated as uc-S1 or the like. Microcrystalline S1 solar cells can
be manufactured by a relatively new technique that does not
involve cutting an ingot and reduces the use of resources.
Also, by some manufacturing method, films for microcrys-
talline S1 solar cells can be manufactured at a temperature as
low as 200° C., and any kind of substrate can be used 1n
microcrystalline Si solar cells.

[0007] Tandem solar cells are manufactured by stacking
solar cells with different light absorption wavelengths, so that
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wider wavelength ranges can be electrically converted. An
example stacked structure for a tandem solar cell 1s formed by
stacking the above amorphous silicon layer and the above
microcrystalline silicon layer.

[0008] While there are various types of solar cell as
described above, there 1s a demand for lower production costs
in the entire field of the solar cell technology, so as to facilitate
popularization of solar cells. Particularly, the costs of trans-
parent electrodes account for a large percentage of the pro-
duction costs. Therefore, development of high-quality and
iexpensive transparent conductive films 1s expected so as to
reduce the costs of transparent electrodes. The transparent
electrodes for solar cells are required to have not only high
transmission properties but also excellent electric properties.
This 1s because, 1f the electric properties at the electrode
portions are poor when the light energy generated 1n a solar
cell 1s taken out as a current, energy loss 1s caused at the
portions.

[0009] 'To manufacture an electrode for a solar cell of the
single-crystal S1 type or the poly-S1 type, a metal electrode 1s
formed on the sunlight incident face side by a technique such
as screen printing. When an electrode for a solar cell 1s manu-
factured, a regular procedure is carried out by applying a paste
containing conductive metal such as silver particles, glass irit,
a resin binder, a thinner and an additive 11 necessary, and then
performing a firing process.

[0010] In a case where the surface resistance of the semi-
conductor of the generating layer 1s high as in a compound-
semiconductor solar cell or an amorphous S1 solar cell, the
carrier diffusion distance 1s short, and 1s not sufficient for
carrying carriers. Therefore, indium tin oxide (hereinafter
referred to as ITO) that allows contacts between the elec-
trodes and the generating layer over the entire surface, or a
zinc-oxide transparent conductive film 1s used.

[0011] When an electrode for a solar cell of the single-
crystal S1 type or the poly-S1 type 1s manufactured, the elec-
trode 1s normally formed on the sunlight incident face side by
a technique such as screen printing, as described above.

[0012] However, 11 light 1s blocked by a fired surface elec-
trode 1n a solar cell, the amount of light incident on the solar
cell becomes smaller. To counter this problem, a comb-like
clectrode structure called a finger-electrode structure 1s most
often used. In such a structure, carriers excited by light are
generated not immediately below the electrode, but on both
sides. The carriers travel in a horizontal direction to reach the
clectrode, and flow 1nto an external circuit through the thin
fingers. The pitch of the electrode fingers 1s determined by the
carrier diffusion distance 1n the generating layer and the sur-
face resistance of the generating layer cell. For example, 1n a
regular single-crystal S1 solar cell, fingers of 75 um 1n width
may be arranged at 2 mm intervals, or fingers of 127 uM width
are arranged at 4 mm intervals.

[0013] According to the technique ivolving those elec-
trode fingers, a decrease ranging from 5% to 7% 1s caused in
the effective light incident area, and the generating efficiency
becomes lower accordingly. Also, the carriers generated in
the generating layer are trapped and recoupled belore reach-
ing the electrode, and loss 1s caused due to the traps and
recoupling. Therefore, 1t 1s considered that a further decrease
in efficiency 1s actually caused though not appearing 1n fig-
ures. This leaves problems to be solved 1n the electrode struc-
ture

[0014] Inacompound-semiconductor solar cell or an amor-
phous S1 solar cell, I'TO or a zinc-oxide transparent conduc-
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tive film 1s used, so as to achieve contacts on the entire
surface. Because of this, the carrier recoupling 1s reduced, but
the resistivity of such a transparent conductive film 1s a hun-
dred or more times higher than the resistivity of a metal.
Because of this, the resistance loss becomes larger, as the film
thickness 1s made smaller to achieve suilicient light transmis-
sion. Heat loss and the likes also lead to a decrease of the
generating efficiency. Furthermore, such a transparent con-
ductive film 1s formed through a sputtering process that 1s
normally a vacuum process. As a result, the costs required in
the manufacture become higher.

SUMMARY OF THE INVENTION

[0015] The present invention has been made in view of
these circumstances, and an object thereof 1s to provide a solar
cell that includes an optically-transparent metal electrode
layer that has low resistivity and high transmission properties,
and 1s made of an inexpensive material.

[0016] According to a first aspect of the present invention,
there 1s provided a solar cell including: a first electrode layer
formed on a substrate; a generating layer formed on the first
clectrode layer; and a second electrode layer formed on the
generating layer, at least one of the first electrode layer and
the second electrode layer being a metal electrode layer hav-
ing optical transparency, the metal electrode layer having a
plurality of openings that penetrate through the metal elec-
trode layer, the metal electrode layer including metal parts,
any two metal parts of the metal electrode layer continuing to
cach other without a cut portion, the metal electrode layer
having a film thickness 1n the range of 10 nm to 200 nm, and
s1zes of the openings being equal to or smaller than % of the
wavelength of light to be used for generating electricity.
[0017] According to a second aspect of the present mnven-
tion, there 1s provided a method for manufacturing the metal
clectrode layer of the solar cell according to any one of the
first and second aspects, the method comprising: generating
dot-like microdomains that are phase separation forms of a
block copolymer film; and forming the metal electrode layer
having openings by performing etching, with patterns of the
microdomains being used as a mask.

[0018] According to a third aspect of the present invention,
there 1s provided a method for manufacturing the metal elec-
trode layer of the solar cell according to any one of the first
and second aspects, the method comprising: preparing a
transparent substrate; forming an organic polymer layer on
the transparent substrate; forming an 1norganic layer on the
organic polymer layer; generating dot-like microdomains of a
block copolymer film on the 1morganic layer; forming pillar-
like portions with an organic polymer and an 1norganic mate-
rial on a surface of the transparent substrate by transierring
patterns ol the microdomains of the block copolymer film
onto the organic polymer layer and the inorganic layer; form-
ing a metal layer at spaces between the formed pillar-like
portions; and forming the metal electrode layer by removing,
the organic polymer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIGS. 1A and 1B are diagrams showing an example
of the patterns on a metal electrode layer having openings
according to an embodiment;

[0020] FIG. 2 1s an electron microscope photograph show-
ing an example of the patterns on the metal electrode layer
having openings according to an embodiment;
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[0021] FIGS.3Ato 3E are diagrams showing an example of
the process for manufacturing the metal electrode layer hav-
ing openings according to an embodiment;

[0022] FIG. 41sacross-sectional view of a single-crystal Si
solar cell that includes the metal electrode layer having open-
ings according to an embodiment;

[0023] FIG. 515 a cross-sectional view of a polycrystalline
S1 solar cell that includes the metal electrode layer having
openings according to an embodiment;

[0024] FIG. 6 1s a cross-sectional view of an amorphous Si
solar cell that includes the metal electrode layer having open-
ings according to an embodiment; and

[0025] FIG. 7 1s a cross-sectional view of a compound-
semiconductor solar cell that includes the metal electrode
layer having openings according to an embodiment.

DETAILED DESCRIPTION OF THE INVENTION

[0026] Inthe presentinvention, the electrodeto beplaced in
the light incident face of a solar cell 1s a nanomesh structure
that has numerous minute holes formed 1n a metal thin film.

[0027] The advantages of the present invention include the
following two aspects. One 1s that a rare metal such as the
indium 1n ITO that 1s used as a conventional transparent
clectrode 1s not used. The other one 1s that electric conduction
1s caused by the free electrons 1n the metal, and therefore, 1t 1s
possible to achieve higher electric conductivity than the elec-
tric conductivity of an oxide semiconductor material formed
with a semiconductor doped with carriers.

[0028] First, the transmission of light through a metal thin

film having holes smaller than the light wavelength 1is
described.

[0029] The phenomenon caused when light 1s emaitted onto
minute openings that are formed 1n a metal film and are
smaller than the wavelength has been explained on the basis
of the Bethe’s Theory of Diffraction (see “Theory of Difirac-
tion by Small Holes”, H. A. Bethe, Physical Reviews 66,
163-82, 1944). If the metal thin film 1s a perfect conductor and
has an infinite thinness, the intensity A of completely-polar-
1zed light passing through openings having a radius a that 1s
smaller than the wavelength A. 1s expressed as follows:

A=[64k*a°(1-3% sin 20)]/27n (1)

[0030] where k represents the wavenumber of the light
(k=2m/A), and O represents the incidence angle.

[0031] Further, 1f the light intensity 1s divided by the area
na” of the openings in the case of normal incidence, the
elficiency m of the transmaitted light 1n the light emitted onto
the openings 1s obtained, and 1s expressed as:

n=64(ka)*/27n* (2)

[0032] Since the wavenumber k i1s proportional to the
inverse of the wavelength A, this equation means that the light
transmission eificiency 1 1s proportional to the fourth power
of (a/A). Accordingly, 1t has been considered that the light
transmission rapidly decreases as the opeming radius a
becomes smaller.

[0033] This theory 1s applied to a mesh shield in a micro-
wave region or the like, or 1s used as the theory of the Faraday
gauge, and often matches actual phenomena. Accordingly, 1f
an electronic oven that uses electromagnetic waves of 12 cm
in wavelength at 2.45 GHz 1s surrounded by a mesh metal film
having openings of 1 mm 1n radius, leakage of electromag-
netic waves hardly occurs.
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[0034] With the thickness of the metal thin film being taken
into consideration, the openings formed 1n the thin film are
regarded as the hollow waveguides formed in the metal for
incident light. Normally, there 1s a specific range set to the
light frequencies that can be conducted through waveguides.
The frequency range depends on the diameter of each wave-
length. With a given opening size R, light of a certain fre-
quency or lower cannot propagate in the waveguide, and
attenuates. The light frequency serving as the threshold value
here 1s called the cutoil frequency. The wavelength corre-
sponding to the cutoil frequency depends on the opening size,
and the wavelength of incident light 1s approximately %2 of the
opening size. Theretfore, 1f the light wavelength 1s equal to or
smaller than %2 of the opening size R, light can propagate in
the opemings. If the light wavelength 1s greater than 12 of the
opening size R, light cannot propagate 1n the openings, and
attenuates 1n an exponential fashion.

[0035] As described above, if the opening size 1s smaller
than the light wavelength, especially if the opening size 1s
equal to or smaller than 4 of the light wavelength, 1t 1s
normally considered that transmission of light through the
openings 1s diflicult.

[0036] However, the inventors made an intensive study on
light and minute processing of metal thin films, to discover
that a light transmission rate equal to or higher than the
transmission rate calculated according to the above men-
tioned theory can be achieved by forming numerous holes
smaller than the light wavelength 1n a metal thin film. Thas
phenomenon can be explained as follows.

[0037] When light of lower frequency than plasma fre-
quency 1s emitted onto a metal, the free electrons in the metal
are polarized due to an electric field of the light. This polar-
1ization 1s 1nduced 1n such a direction as to cancel the optical
clectric field. As the induced electric polarization shuts off the
optical electric field, the light cannot be transmitted through
the metal, and so-called plasma reflection occurs. If the struc-
ture si1ze of the material 1n which the electron polarization 1s
induced 1s made suificiently smaller than the light wave-
length, the movement of the electrons 1s restricted by the
geometric structure ol the metal, and the electrons cannot shut
off the electric field of the light. As a result, transmission of a
greater amount of light than the amount expected from the
total sum of the areas of the minute openings can be expected.

[0038] The following 1s a detailed description of the metal
clectrode layer having optical transparency to be used 1n a
photoelectric conversion device i accordance with an
embodiment of the present invention, and a method for manu-
facturing the metal electrode layer having optical transpar-
ency, with reference to the accompanying drawings.

[0039] An example of the metal electrode layer having
optical transparency for solar cells 1n accordance with a first
embodiment of the present invention i1s shown in FIGS. 1A
and 1B. FIG. 1A 1s a perspective view of the metal electrode
layer having optical transparency. FIG. 1B 1s a plan view of
the metal electrode layer having optical transparency. This
transparent electrode has a metal electrode layer 2 formed on
a flat and smooth transparent substrate 1. The metal electrode
layer 2 has metal parts 3 and minute openings 4 penetrating
through the metal parts 3. The metal electrode layer 2 func-
tions as an electrode, and at the same time, can transmait light
having a wavelength in the visible range.

[0040] In other words, the metal electrode layer having
optical transparency in accordance with the present invention
has higher transparency than expected from the total sum of
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the areas of the openings 4 formed 1n the metal parts 3, or
characteristically transmits light by reducing 1n principle the
reflection properties inherent to the metal parts 3.

[0041] As the openings 4 suiliciently smaller than the
wavelength of light incident on the electrode are provided, the
metal electrode layer 2 functions as an electrode layer having,
optical transparency though being a metal in accordance with
the following principles. The linear distance between the
continuous metal parts 3, with no opemings 4 being interposed
in between, 1s equal to or smaller than 14 of the wavelength of
the light. Accordingly, the movement of free electrons
induced by the electric field of the light when the light 1s
emitted onto the electrode 1s hindered, and the metal electrode
layer 2 becomes transparent to the light.

[0042] First, the principles of a response to light emission
onto a material are described. If the mean scattering time of
free electrons 1s set sufliciently shorter than an oscillation
cycle of light according to the Drude theory that describes
polarization of free electrons 1n terms of the classical dynam-
ics, the dielectric function e(w) 15 expressed as follows:

e(0)=€,(0)-0p"/0 (3)

[0043] where w,°=ne*/mxe_ is the plasma frequency of
conduction electrons, n represents the carrier density, € rep-
resents the charge, n represents the eflective mass, and €_
represents the dielectric constant of vacuum. The first term of
the equation (3) 1s the contribution of the dipole of the metal,
and 1s close to 1 1n this case. The second term 1s the contri-
bution from the conduction electrons.

[0044] Inother words, the plasma frequency 1s the function
of the carrier density n. When w_ 1s greater than m, the dielec-
tric function e(w) exhibits a negative value, and the light
emitted onto the material 1s plasma-reflected. If w 1s greater
than w_, the dielectric function e(m) exhibits a positive value,
and the light 1s transmitted. Accordingly, the plasma fre-
quency can be regarded as the threshold value between retlec-
tion and transmission when there 1s a response to light from
the material.

[0045] Since a typical metal has the plasma frequency
existing 1n the ultraviolet region, visible light 1s reflected. In
the case of Ag, for example, the carrier density n 1s approxi-
mately 6.9x10°* cm ™, and the wavelength corresponding to
the plasma frequency 1s 1n a ultraviolet area of approximately

130 nm.

[0046] Asforthe ITO of an oxide semiconductor used 1n an
amorphous solar cell or the like, the wavelength correspond-
ing to the plasma frequency 1s 1n the infrared region. Since the
carrier density 1s proportional to the electric conductivity and
1s mnversely proportional to the electric resistivity, the addition
of dopant for lowering the electric resistivity leads to an
increase of the plasma frequency. Therefore, 1f the addition of
dopant 1s increased, plasma reflection occurs on the long-
wavelength side of visible light when the addition of dopant
reaches a certain value. As a result, the transmission rate
becomes lower.

[0047] As described above, the wavelength corresponding
to the plasma frequency should be 1n the infrared range, so as
to secure a suilicient transmission rate in the visible region to
be used by a solar cell to generate electricity with the above
described oxide semiconductor material. Therefore, the
upper limit 1s set to the carrier density according to the above
principles. For those reasons, the carrier density n 1n a nor-
mally manufactured ITO is approximately 0.1x10°* cm™,

which 1s a twentieth part to ninetieth part of the carrier density
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of a metal. The lower limit of the resistivity calculated from
this value 1s approximately 100 uf2-cm, and 1t 1s difficult to
make the resistivity lower than that 1n principle.

[0048] To counter the above problems, a metal mesh elec-
trode that1s 15 ul or less 1n thickness and 25 um or less 1n line
width, and has openings of 50 um to 2.5 mm 1s formed on a
transparent substrate. The openings are filled with transparent
resin film, and an I'TO film 1s formed over the entire surface
(see JP-A 2005-332705 (KOKAI), for example). By this
method, however, the metal mesh electrode plays only an
auxiliary role 1n the electric conduction of the ITO film, and
does not solve the above problems.

[0049] As described so far, the electrode on the sunlight
incident side of the solar cell 1s also required to have a high
light transmaission rate and low resistivity. However, there 1s a
trade-oil relationship between a high light transmission rate
and low resistivity, as mentioned above. Therefore, 1t 1s dii-
ficult to further increase the efficiency only with a conven-
tional finger electrode structure or a transparent conductive
film of an oxide semiconductor.

[0050] The present imnvention has been made 1n view of
those circumstances.

[0051] Here, the “wavelength of the light to be used to
generate electricity” 1s the wavelength of the light that 1s
incident onto the metal electrode layer having optical trans-
parency. Accordingly, the wavelength can vary in a wide
range. For example, with a crystalline S1 matenal, it 1s pos-
sible to use light of approximately 1.2 um or less 1n the
near-infrared region. With an amorphous S1 material, 1t 1s
possible to use light of approximately 750 nm or less of
sunlight. Meanwhile, the “linear distance between metal
parts” 1s the longest linear distance between any two points on
the electrode surface, with no openings being interposed
between the two points.

[0052] The inventors made an intensive study on those
structures, to discover that completely-polarized light can be
transmitted through the entire electrode 1if minute openings
are formed 1n the metal electrode film, and the linear distance
between the continuous metal parts not interposing any of the
minute openings 1s 3 or less of the wavelength of the light
incident on the electrode, or more preferably, 15 or less of the
wavelength of the light incident on the electrode. Meanwhile,
any two points 1n the metal electrode continue to each other
without a cut, or the metal parts are continuous on the entire
surface, the metal electrode film maintains the function as an
clectrode. Also, as the resistivity becomes lower with the
proportional volume of the minute openings, the high electric
conductivity of the metal 1s maintained.

[0053] If the portion at which the linear distance between
the continuous metal parts 1s /3 or less of the light wavelength
constitutes 80% or more of the entire surface area in the
clectrode, or more preferably, 95% or more of the entire
surface area 1n the electrode, the optical transparency 1s not
degraded. Therefore, 1t 1s preferable to form a structure
including such a portion at the above ratio.

[0054] The minute openings have random relative positions
in the electrode face. In other words, the relative positions of
the minute openings are 1sotropic. The reason for the relative
positions according to the principles of light transmission 1s
that, 11 the minute opemings form a hexagonally-symmetrical,
triangular-lattice periodic structure, the metal parts become
continuous 1n three axial directions, and polarized light that
cannot 1sotropically hinder the movement of free electrons 1s
generated.
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[0055] To determine whether the relative positions of the
minute openings are 1sotropic, the following techniques may
be used. An electron microscope photograph or an atomic
force microscope photograph of the upper face of the metal
clectrode layer having the minute openings 1s first obtained.
The photograph 1s then subjected to a two-dimensional Fou-
rier transform to form a so-called reciprocal lattice space
image. If the minute openings are located at periodic relative
positions, a clear spot appears 1n the reciprocal lattice space
image. If the minute openings are located at random, 1sotropic
relative positions, the reciprocal lattice space image has a
ring-like shape that can be used in the determination.

[0056] Next, the thickness of the metal electrode layer hav-
ing optical transparency 1s described. The metal electrode
layer may be formed by a regular film forming techmique,
such as a resistance heating vapor deposition technique, an
clectron beam (EB) vapor deposition technique, or a sputter-
ing technique. If the film thickness of the metal electrode
layer 1s very small, the metal 1s formed with continuous
aggregates ol very small crystals. If the film thickness 1s
approximately 10 nm or less, 1t 1s often difficult to achieve
stable electric conduction. If the film thickness 1s made large,
a low-resistance film can be achieved. If the film thickness 1s
approximately 200 nm or more, it 1s difficult to achieve opti-
cal transparency suilicient for the film to function as the metal
clectrode layer having optical transparency.

[0057] The shapes of the openings are not particularly lim-
ited, as long as the above requirements are satisfied. For
example, the openings may each have a cylindrical shape, a
conic shape, a three-sided pyramidal shape, a four-sided pyra-
midal shape, or some other cylindrical or pyramidal shape.
Alternatively, the openings may have two or more of those
shapes together. Even 11 openings of various shapes and sizes
exist in the transparent electrode of the present invention, the
cifects of the present invention are not lost. Rather, 1t 1s
preferable that the openings have various sizes, because the
linear distance between continuous metal parts tends to be
long 1n that case. In such a case where the openings have
various sizes, the mean value of the sizes of the openings 1s
shown as the opening size.

[0058] When light 1s emitted onto a material, a phenom-
enon such as scattering or diffraction 1s caused. Scattering of
light through the opemings depends on the opening size. As
the opening size becomes smaller with respect to the wave-
length of the incident light, the influence of the scattering
becomes smaller. When a periodic structure 1s formed at an
interface between the incident side and the exit side having
different refractive indexes, and certain requirements are sat-
isfied, light diffraction 1s caused. If the opening size 1s equal
to or smaller than half the light wavelength, the influence of
the diffraction can also be reduced, though depending on the
refractive index difierence at the interface.

[0059] The openings of the present invention may be filled
with air or a substance such as a dielectric material, and the
clfects of the present invention are still maintained. Further, a
transparent material such as glass or melt glass may cover or
may be stacked as a protection film on the electrode on the
sunlight incident face side.

[0060] Inthecaseofacrystalline S1solarcell orthe like, the
substrate 1s a base member that 1s provided on the back-face
clectrode side of the solar cell element. In the case of an
amorphous S1 solar cell 1n which the light incident face 1s on
the opposite side from the side 1n the case of a crystalline S1
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solar cell, which 1s on the side of the substrate such as a glass
substrate, the substrate 1s a base member that faces the light
receiving face.

[0061] The substrate of the generating layer of the present
invention can be arbitrarily selected according to the usage.
For example, 1f the substrate needs to be transparent,
examples of the substrate include an amorphous quartz
(S10,) substrate, a Pyrex (a registered trade name) glass sub-
strate, a molten silica substrate, an artificial fluorite substrate,
a soda glass substrate, a potassium carbonate glass substrate,
a tungsten glass substrate. Other than that, 1t 1s also possible to
select a regular plastic substrate or a ceramics substrate,
according to the required physical properties. It the substrate
1s required to have flexibility, a polyethylene terephthalate
(PET) substrate, a polyimide substrate, or the like can be
selected.

[0062] Asthe generating layer, a compound semiconductor
layer such as a GaAs layer, an InP layer, a CdTle layer, a
CulnGaSe (CIGS) layer may be used, other than the above
silicon layers. The metal electrode layer having optical trans-
parency ol the present invention can also be used 1n solar cells
including those layers.

[0063] The following considerations were obtained as a
result of measurement carried out on samples of optical-
transparent metal electrode layers having minute openings
and samples of solar cells including the metal electrode lay-
ers.

[0064] FIG. 2 1s an electron microscope photograph of the
metal electrode layer having openings of this embodiment,
taken from above. The metal electrode layer having those
openings was formed by depositing aluminum with the use of
a block copolymer thin film as a template. By this techmique,
it 15 possible to form large-area opening patterns of 100 nm or
smaller that could not be formed by light or electron lithog-
raphy. Even 1f the same structure as above can be produced by
improved optical lithography or improved electron lithogra-
phy 1n the future, the structure still has the same functions as
the metal electrode layer having optical transparency of the
present invention.

[0065] In the present invention, the shape of a block poly-
mer 1s used as a template. Accordingly, an expensive device or
the like 1s not necessary, and a desired structure can be readily
formed 1n an optimum fashion. Through a self-organizing
phenomenon of such a block polymer, an etching mask 1s
formed, and concavities and convexities are formed on the
base member with the use of the etching mask. In this manner,

a metal electrode layer having openings of desired shapes can
be obtained.

[0066] The materials to be used 1n embodiments of the
present invention are now described 1n detail.

[0067] The metal to form electrodes in the present mven-
tion can be arbitrarily selected. Here, the metal 1s formed with
a metal element that 1s a conductor as 1t 1s, has metallic luster,
has ductibility, and 1s in a solid state at room temperature.
Alternatively, the metal may be an alloy of such metals. It 1s
preferable that the material to be selected here absorbs little
light in the wavelength range of the light to be used, and has
high electric conductivity. Specific examples of such materi-

als include Al, Ag, Au, Pt, N1, Co, Cr, Cu, and Ti1, and more
preferable examples among them are Al, Ag, Pt, N1, and Co.

[0068] In this embodiment, a diblock copolymer that 1s a
combination of an aromatic-ring polymer and an acrylic poly-
mer 1s used. However, 11 one of the components in the diblock
copolymer can be selectively removed as described later, the
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combination 1s not limited to the above. Also, the same struc-
ture may be produced with the use of an electron beam (EB)
drawing device or by the nanoimprint technique, by which a
structure with concavities and convexities 1s transferred with
the use of a polymer having minute concavities and convexi-
ties as a stamp.

[0069] The reason that the diblock copolymer formed with
a combination of an aromatic-ring polymer and an acrylic
polymer 1s used 1n this embodiment 1s that there 1s a large
difference 1n dry etching tolerability between the two kinds of
polymers. Examples of the aromatic-ring polymer include
polystyrene, polyvinylnaphthalene, polyhydroxystyrene, and
derivatives of those maternials. Examples of the acrylic poly-
mer 1nclude alkylmethacrylates such as polymethyl-
methacrylate  polybutylmethacrylate, and polyhexyl-
methacrylate, polyphenylmethacrylate and
polycyclohexylmethacrylate, and derivatives of those mate-
rials. Instead of those methacrylates, acrylates can be used to
achieve the same characteristics. Among those materials, a
diblock copolymer of polystyrene and polymethylmethacry-
late excels 1 dry etching tolerability and the likes.

[0070] To be used as a template according to a manufactur-
ing method of the present invention, a block polymer should
have a nanoscale dotted domain that 1s suificiently formed
through self-organization. Therefore, a composition having a
dotted structure 1s most suitable for the purpose of the present
invention among a number of separation forms of the phase
separations of block copolymers.

[0071] Themventors discovered a method for obtaining the
phase separation form of a block copolymer having a dotted
structure having 50 nm to 70 nm cycles. The phase-separated
dot-like patterns are transferred onto the substrate or the
generating layer by the later described method. A metal elec-
trode 1s deposited onto the structure having the patterns trans-
ferred thereon, and the pattern-transierred portion 1s
removed. Thus, the structure can be used as the metal elec-
trode layer having optical transparency.

[0072] To produce a metal transparent electrode layer hav-
ing patterns with higher resolution than the highest possible
resolution of regular lithography as required in the present
invention, 1t 1s preferable to use a technique involving a block
copolymer as an etching mask or a liftoff mask.

[0073] Referring now to FIGS. 3A to 3E, an example of
such a manufacturing method 1s described.

[0074] First, the transparent substrate 1 1s prepared, and an
organic polymer layer 5 of 50 nm to 150 nm 1n thickness is
applied on the transparent substrate 1, 11 necessary. It 1s pret-
erable to use the organic polymer layer 5, so as to increase the
aspect ratio of the mask patterns when etching 1s performed
on the substrate.

[0075] An imnorganic layer 6 of 5 nm to 30 nm 1n thickness
1s then applied onto or deposited on the organic polymer layer
5. This mnorganic layer 6 functions as an etching mask when
oxygen plasma etching 1s performed on the lower organic
polymer layer S. The organic polymer layer 5 can be easily
etched by oxygen plasma etching, while the mnorganic layer 6
can have high tolerance to oxygen plasma etching 1f made of
an appropriate inorganic material. Accordingly, a mask hav-
ing rod-like portions with a high aspect ratio can be formed,
and the liftoil 1n a later stage can be easily performed. In such
a case, 1t 1s preferable that the 1norganic layer 6 has high
etching tolerance to plasma such as SF./H, or CF ,/H.,.

[0076] Lastly, a block copolymer thin film 7 1s rotatively
applied onto the inorganic layer 6, so as to obtain the material
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before etching. After the rotative application of a diblock
copolymer, annealing 1s performed on a hot plate or 1n an oven
over a long period of time, so as to form dot-like micro-
domains 8 (FIG. 3A).

[0077] If one of the polymer compositions can be readily
removed from the other one of the polymer compositions by
etching after a block copolymer 1s orientated, the remaining
orientated nanoscale dot-like microdomains 8 can be used as
the etching mask. It 1s preferable to use a diblock polymer
formed with a combination of an aromatic material and an
acrylic material, since there 1s a large etching contrast
between the two blocks. For example, the etching rate in RIE
greatly differs between polystyrene and polymethyl-
methacrylate, and the orientated polystyrene domain can be
selectively left and used as an etching mask.

[0078] Adter one of the phases in the block copolymer 1s
selectively removed to form dot-like patterns, etching is per-
formed on the lower layer, with the dot-like patterns serving
as a mask. However, typical polymers forming a block
copolymer cannot tolerate etching performed on a hard sub-
strate. To overcome such a difficulty and achieve such an
aspect ratio as to cause the patterns to have the properties as a
mask, a pattern transier technique that involves the inorganic
layer 6 1s used 1n this embodiment. By selecting appropriate
gas species, a clear difference 1n etching rate can be created
between the organic material containing a polymer and the
inorganic material. Therefore, 1n this embodiment, etching 1s
performed by RIE using oxvygen. The inorganic layer 6 1s not
ctched by the oxygen plasma, so that the etching contract
between the morganic layer 6 and the lower organic polymer
layer 5 can be made very large. As a result, the organic
polymer layer 5 can be etched quickly. Thus, rod-like patterns

having a high aspect ratio can be formed (FIG. 3B).

[0079] After dot-like patterns are transferred onto the
organic polymer layer 5 (FI1G. 3C), metal parts 3 are deposited
(FIG. 3D). To deposit the metal, a vapor deposition technique
or the like can be used. When the polymer 1s removed through
an ashing process, ultrasonic cleaning, or the like, as shown 1n
FIG. 3E, the structure of the metal electrode layer having
optical transparency in accordance with an embodiment of
the present invention 1s completed.

[0080] The morganic layer 6 functions as an etching mask
when etching or oxygen plasma etching 1s performed on the
lower organic polymer layer 3, for example. Examples of
materials that have such characteristics of the inorganic layer
6 include vapor-deposited silicon, silicon nitride, and silicon
oxide.
[0081]
spin-on glass, and the likes are also e
plasma etching 1s performed.

[0082] In accordance with the above described embodi-
ment, a metal electrode layer having optical transparency 1s
formed on a substrate or a generating layer.

[0083] In the following specific examples, solar cells of
various power generation types will be described 1n detail.

A rotatively-applied siloxane polymer, polysilane,
Tective when oxygen

EXAMPLES

Example 1

[0084] Example 1 concerns a method for manufacturing a
single-crystal solar cell. FIG. 4 1s a cross-sectional view of a
single-crystal Si1 solar cell that includes an optically-transpar-
ent metal electrode layer having openings 1n accordance with
the present invention.
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[0085] AsshowninFIG. 4, ap-type silicon substrate 9a that
1s p-type single-crystal silicon 1s first prepared as a semicon-
ductor substrate. The p-type silicon substrate 9a 1s p-type
single-crystal silicon that 1s formed by slicing a silicon 1ngot
with a multi-wire saw 1nto pieces of 230 um 1n thickness. The
s1licon 1ingot 1s doped with boron and 1s lifted by the Czo-
chralski method. The p-type single-crystal silicon 1s approxi-
mately 2 £2-cm 1n specific resistance. The p-type silicon sub-
strate 9a 1s then thinned to 70 um through mechanical
polishing, and outside diameter processing 1s performed so
that the p-type silicon substrate 9a has a square surface 5-cm
on a side.

[0086] An n™ layer 10a containing a large amount of an
n-type impurity element such as phosphorus 1s formed on one
ol the principal surfaces of the p-type silicon substrate 9a. The
n* layer 10a 1s formed by a thermal diffusion method. By the
thermal diffusion method, the p-type silicon substrate 9a 1s
placed 1n a high-temperature gas containing phosphorus oxy-
chloride (POCI,), and an n-type impurity element such as
phosphorus 1s diffused onto one of the principal surfaces of
the p-type silicon substrate 9a. In the case where the n™ layer
10a is formed by the thermal diffusion method, the n™ layer
10a may be formed on both surfaces and at the end portions of
the p-type silicon substrate 9a. In this case, however, the
unnecessary portions of the n* layer 10a can be removed by
immersing the p-type silicon substrate 9q 1n a fluorine nitrate
solution after the subject surface ofthe n™ layer 10a 1s covered
with an acid-resistant resin. In Example 1, thermal diffusion
1s performed on the p-type silicon substrate 9a 1n a POCI, gas
atmosphere at 850° C. for 15 minutes, so as to form the n™
layer 10a on the p-type silicon substrate 9a. Here, the sheet
resistance value of the n™ layer 10a 1s approximately 50€2.
[0087] Adlter an acid-resistant resin 1s formed on the n™
layer 10a, the p-type silicon substrate 9a 1s immersed 1n a
fluorine nitrate solution for 15 seconds, so as to remove the
portions of the n™ layer 10a on which the acid-resistant resin
1s not formed. The acid-resistant resin 1s then removed, so that
the n™ layer 10a remains only on one of the principal surfaces
of the p-type silicon substrate 9a. As a result, the thickness of
the p-type silicon substrate 9a becomes 50 um.

[0088] A back-face electrode layer 11 1s then formed by
creating an Al film on a principal surface of the p-type silicon
substrate 9a through vacuum vapor deposition. The back-face
clectrode layer 11 that 1s an Al film serves as a back-face
clectrode and a reflection film.

[0089] Adter that, a metal electrode layer 12 1s formed on
the n™ layer 10a, which is to be the light receiving face to
receive sunlight.

[0090] The inventors discovered a method for achieving a
phase separation form of a block copolymer having a dotted
structure with 50 nm to 70 nm cycles. The orientated dot-like
patterns are transierred onto the sunlight receiving substrate
by the later described technique. A metal electrode 1s depos-
ited onto the transferred structure, and the pattern-transferred
portion 1s removed. The structure 1s then used as the metal
clectrode layer 12. This method 1s described 1n the following.

[0091] A solution formed by diluting a thermosetting resist
(THMR IP3250 (a trade name), manufactured by Tokyo Ohka
Kogyo Co., Ltd.) with ethyl lactate at 1:3 1s rotatively applied
onto the light receiving substrate. The structure 1s then heated
under a nitrogen atmosphere 1n a non-oxidation oven at 250°
C. for one hour, so as to cause a thermal curing reaction.

[0092] A solution formed by diluting spin-on glass (SOG-
5500 (a trade name), manufactured by Tokyo Ohka Kogyo
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Co., Ltd.) with ethyl lactate is rotatively applied onto the
substrate having the resist applied thereon. The structure 1s
then heated under a nitrogen atmosphere 1n a non-oxidation
oven at 250° C. for another hour.

[0093] A propylene glycol monomethyl ether acetate solu-
tion contamning 3 wt % of a polystyrene-polymethyl-
methacrylate diblock copolymer 1s mixed with a propylene
glycol monomethyl ether acetate solution containing 3 wt %
of a polymethylmethacrylate homopolymer, to obtain a block
copolymer solution. This solution 1s rotatively applied onto
the substrate. Further, the structure 1s heated under a nitrogen
atmosphere 1n a non-oxidation oven at 250° C. for 8 hours.
The molecular weight of the diblock copolymer 1s 78000
g/mol at the polystyrene portion, and 170000 g/mol at the
polymethylmethacrylate portion. Accordingly, a morphology
having dot-like microdomains of polystyrene ranging from
50 nm to 70 nm 1n size formed 1 a matrix of polymethyl-
methacrylate 1s obtained.

[0094] FEtching 1s then performed on the diblock copolymer
with 30 sccm of O, and a RF power of 100 W at 100 mTorr.
Through this process, the matrix of polymethylmethacrylate
of the block copolymer 1s selectively removed, while the
polystyrene 1s not etched. The etching 1s performed so as to
completely etch the polymethylmethacrylate existing
between the dots of polystyrene. In this manner, the spin-on
glass layer at those portions 1s completely exposed. With the
remaining polystyrene serving as a mask, CF_ -RIE 1s per-
formed on the spin-on glass layer. Through this etching, the
portions of the spin-on glass layer that were the base of the
matrix of polymethylmethacrylate are selectively etched, and
the dots of polystyrene are transierred onto the spin-on glass
layer. With the spin-on glass layer serving as a mask, O,-RIE
1s performed on the lower thermosetting resist. As a resullt,
pillar-like patterns with a high aspect ratio 1s formed at the
portions where the polystyrene existed.

[0095] An aluminum film of 30 nm 1n thickness 1s depos-
ited on the pillar-like patterns by the resistance heating depo-
sition method. After ashing with O, plasma 1s performed, the
structure 1s immersed 1n water, and 1s subjected to ultrasonic
cleaning. A liftoil process 1s then carried out to remove the
pillar-like patterns. As a result, the metal electrode layer 12
having the desired openings 1s formed on the sunlight rece1v-
ing face.

[0096] The resultant metal electrode has a mean opening
s1ze of approximately 50 nm, and an opening area proportion
of approximately 52%. The results of the measurement car-
ried out on the resultant metal transparent electrode at the 500
nm portion show that the transmission rate 1s approximately
60%, and the resistivity 1s approximately 30 u€2-cm.

[0097] The properties of the solar cell of Example 1 manu-
factured 1n the above manner are evaluated by a solar simu-
lator that emuits artificial sunlight of AM 1.5 onto the solar cell
of Example 1 at room temperature. The evaluation results
show that the conversion efficiency 1s 13.2%, which 1s a
preferable value. The same evaluation 1s made on metal mate-
rials other than aluminum, to obtain substantially the same
results as above.

Comparative Example 1

[0098] An aluminum mesh electrode having a mean open-
ing proportion of 52% 1s formed at the position of the metal
clectrode layer 1n the single-crystal S1 solar cell of Example 1
by a photolithography technique. The aluminum mesh elec-
trode 1s designed so that the opening size 1s 1 um, which 1s 20
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times larger than the opening size in Example 1. The same
evaluation as above 1s made on the resultant structure, to find
that the conversion efliciency 1s 11.2%.

Example 2

[0099] Example 2 concerns a method for manufacturing a
polycrystalline S1 solar cell. FIG. 5 1s a cross-sectional view
ol a polycrystalline S1 solar cell that includes an optically-
transparent metal electrode layer having openings 1n accor-
dance with the present invention. The method for manufac-
turing the polycrystalline Si solar cell 1s almost the same as
the method for manufacturing the single-crystal Si1 solar cell
of Example 1.

[0100] AsshowninFIG.S, ap-type silicon substrate 95 that
1s 250-um thick polycrystalline silicon cut out of an ingot with
a multiwire saw 1s first formed. Etching and cleaning with
NaOH are then performed on the layer that 1s mechanically
damaged on 1ts surface at the time of the ingot cutting.
Through the etching and cleaning, a plate-like structure hav-
ing a S-cm square surface 1s formed. The p-type silicon sub-
strate 95 1s then placed 1n a diffusion furnace, and 1s heated 1n
phosphorus oxychloride (POCI,) at 850° C. for 30 minutes. In
this manner, phosphorus atoms are diffused in the surface of
the p-type silicon substrate 95, and an n™ layer 104 that is an
n-type semiconductor region of 60€2/[ ] 1n sheet resistance 1s
formed. As a result, a pn junction 1s formed in the wafer.
[0101] An aluminum paste 1s then applied onto the entire
back face, and heating is performed to form a P™ layer 22 and
a back-face electrode layer 11. The formation of the P™ layer
22 1s called the BSF (Back Surface Field) method, and 1s
carried out to reduce the impurities that eliminate carriers 1n
the vicinities of electrodes. In the same manner as in Example
1, the metal electrode layer 12 having optical transparency 1s
then formed on the light recerving side that 1s the opposite
side from the back-face electrode layer 11.

[0102] The properties of the solar cell of Example 2 manu-
factured in the above manner are evaluated by a solar simu-
lator that emits artificial sunlight of AM 1.5 onto the solar cell
of Example 2 at room temperature. The evaluation results
show that the conversion efficiency 1s 10.3%, which 1s a
preferable value.

Comparative Example 2

[0103] An aluminum mesh electrode having a mean open-
ing proportion of 52% 1s formed at the position of the metal
clectrode layer 1n the solar cell of Example 2 by a photoli-
thography technique. The aluminum mesh electrode 1s
designed so that the opening size 1s 1 um, which 1s 20 times
larger than the opening size in Example 1. The same evalua-
tion as above 1s made on the resultant structure, to find that the
conversion elficiency 1s 9.2%.

Example 3

[0104] Example3 concerns a method for manufacturing an
amorphous S1solar cell. FIG. 6 1s a cross-sectional view of the
amorphous S1 solar cell that includes the metal electrode layer
having openings 1n accordance with the present invention.

[0105] The amorphous S1 solar cell differs from any of the
above described crystalline S1 solar cells, 1n that the light
absorption coellicient i1s large, and the absorption layer can be
thinned. However, in a case where a pn junction 1s formed,
carrier traps and recoupling are promptly caused due to struc-
tural detfects and the likes 1n the amorphous Si. To counter




US 2010/0175749 Al

those problems, an 1-layer that 1s undoped S1 on which doping
1s not performed 1s formed between a p-type S1 layer and an
n-type S1 layer 1n the amorphous S1 solar cell. The 1 layer
absorbs light, and the carriers divided into holes and electrons
reach the n-layer and the p-layer by virtue of the electric field
induced 1n the 1-layer. Those carriers then generate electro-
motive force. Also, as described above, 1t 1s preferable that an
clectrode 1s formed over the entire surface of the amorphous
S1 solar cell, so that a contact can be made over the front face
of the light emission face.

[0106] In the first procedure, a transparent conductive film
1s formed on a translucent quartz transparent substrate 13.
Themetal electrode layer 12 1s then formed on the transparent
conductive film by the method using a block polymer under
the same conditions as those 1n Example 1.

[0107] The transparent substrate 13 is placed in a plasma
CVD device of a separate formation type, and a gas 1s selected
according to the physical properties required for each layer.
The p-layer 14, the i1-layer 15, and the n-layer 16 that are
amorphous S1 films are formed. More specifically, the p-layer
14 that 1s a p-type S1 layer 1s deposited with the use of a mixed
gas of PH, and S1H,. The 1-layer 15 that is an 1-type S1 layer
1s then deposited on the p-layer 14 with the use of a SH,, gas.
Then-layer 16 that 1s an n-type silicon layer 1s then deposited
on the 1-layer 15 with the use of a mixed gas of B,H, and SH,,.
In this manner, a generating layer 1s formed. The formation of
cach of those layers 1s carried out in chambers that are inde-
pendent of one another so as to prevent impurities from enter-
ing each of the layers. The device taken out of the CVD device
1s then subjected to processing performed by a sputtering
device, so as to form a back-face electrode layer 17 made of
a silver alloy containing aluminum on the n-layer 16.

[0108] Through the above procedures, the amorphous Si
solar cell of Example 3 1s completed.

[0109] The properties of the solar cell of Example 3 manu-
factured in the above manner are evaluated by a solar simu-
lator that emats artificial sunlight of AM 1.5 onto the solar cell
of Example 3 at room temperature. The evaluation results
show that the conversion efficiency 1s 7.5%, which 1s a prel-
erable value.

Example 4

[0110] Example 4 concerns a method for manufacturing a
compound-semiconductor (chalcopyrite) solar cell. FIG. 7 1s
a cross-sectional view of the compound-semiconductor solar
cell that includes the metal electrode layer having openings 1n
accordance with the present invention.

[0111] First, a Mo electrode 19 to be a lower electrode 1s
formed on a substrate 18 made of soda lime glass by a vacuum
deposition method. Other than molybdenum, 1t 1s possible to
use titantum, tungsten, or the like as the lower electrode.

[0112] A layer called a precursor 1s then formed by attach-
ing copper (Cu), indium (In), and gallium (Ga) to the structure
by a sputtering techmque. The precursor 1s then placed 1n a
furnace, and annealing 1s performed on the precursor in a
hydrogen selenide (H,Se) gas atmosphere at a temperature
ranging from 400° C. to 600° C. In this manner, a CIGS light
absorption layer 20 1s formed. The annealing process 1s nor-
mally called gas-phase selenizing, or simply, selenizing.

[0113] As the procedure for forming the light absorption
layer, several techniques have been suggested, such as a tech-
nique of performing annealing after the deposition of Cu, In,
Ga, and Se. Although gas-phase selenizing 1s used 1n
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Example 4, the procedure for forming the light absorption
layer of the present invention 1s not limited to this example.
[0114] A butler layer 21 that 1s an n-type semiconductor
such as CdS, ZnO, or InS 1s then stacked on the CIGS light
absorption layer 20. The butfer layer 21 1s formed by a sput-
tering technique. The effects of the buifer layer include Cd
diffusion into the CIGS layer and 1nactivation of the grain
boundaries.

[0115] Laser light 1s then irradiated so as to reform the
CIGS light absorption layer 20 1nto a contact electrode. The
laser light 1s emitted also onto the butier layer 21. However,
the influence of the existence of the buffer layer 21 1s not
observed, since the butler layer 21 1s very much thinner than
the CIGS light absorption layer 20.

[0116] The metal electrode layer 12 to be the upper elec-
trode 1s then formed over the builer layer 21 and the CIGS
light absorption layer 20 turned into a contact electrode. The
formation of the metal electrode layer 12 is carried out by the
same technique as that used for forming the block polymer 1n
Example 1.

[0117] Through the above procedures, the compound-
semiconductor (chalcopyrite) solar cell of Example 4 1s com-
pleted.

[0118] The properties of the resultant solar cell are evalu-
ated by a solar simulator that emats artificial sunlight of AM
1.5 onto the solar cell at room temperature. The evaluation
results show that the conversion efficiency 1s 13.3%, which 1s
a preferable value.

[0119] As described so far, each of the embodiments of the
present invention provides a solar cell that includes a metal
clectrode having high light transmission properties while
maintaining low resistivity. In such a solar cell, the decrease
of the effective incident area that normally causes a decrease
of generating efficiency, and the heat loss due to electrode
resistance are reduced, and the generating efficiency of the
solar cell can be increased accordingly.

[0120] It should be understood that the present invention 1s
not limited to the above specific embodiments, and various
changes and modifications may be made to those embodi-
ments.

[0121] The present mvention 1s not limited to the above
embodiments, and the components of the embodiments may
be modified and put into practice, without departing from the
scope of the mvention. The components disclosed 1n the
above embodiments may be appropriately combined to
embody various other forms. For example, some of the com-
ponents may be omitted from the above embodiments, or the
components of different embodiments may be combined 1n
an appropriate mannetr.

1. A solar cell comprising;:

a first electrode layer formed on a substrate;

a generating layer formed on the first electrode layer; and
a second electrode layer formed on the generating layer,

at least one of the first electrode layer and the second
clectrode layer being a metal electrode layer having
optical transparency, the metal electrode layer having a
plurality of openings that penetrate through the metal
clectrode layer, the metal electrode layer including
metal parts, any two metal parts of the metal electrode
layer continuing to each other without a cut portion, the
metal electrode layer having a film thickness in the range
of 10 nm to 200 nm, and sizes of the openings being
equal to or smaller than 2 of the wavelength of light to
be used for generating electricity.
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2. The cell according to claim 1, wherein the generating
layer 1s formed by stacking a p-type silicon layer as a p-type
crystalline silicon layer and an n-type silicon layer as an
n-type crystalline silicon layer, the p-type silicon layer and
the n-type silicon layer being single-crystal silicon layers.

3. The cell according to claim 1, wherein the generating
layer 1s formed by stacking a p-type silicon layer as a p-type
crystalline silicon layer and an n-type silicon layer as an
n-type crystalline silicon layer, the p-type silicon layer and
the n-type silicon layer being polycrystalline silicon layers.

4. The cell according to claim 1, wherein the generating,
layer 1s formed by stacking a p-layer as a p-type semiconduc-
tor silicon layer, an 1-layer as a undoped silicon layer on
which doping 1s not performed, and an n-layer as an n-type
semiconductor silicon layer, the p-layer, the 1-layer, and the
n-layer being amorphous silicon layers.

5. The cell according to claim 1, wherein the generating
layer 1s a compound semiconductor layer.

6. The cell according to claim 1, wherein the metal elec-
trode layer contains a matenal selected from the group con-
sisting of Al, Ag, Au, Pt, N1, Co, Cr, Cu, and Ti.

7. The cell according to claim 1, wherein 95% or more of
the area of the metal electrode layer are portions at which a
linear distance between continuous metal parts, without any
of the opemings being interposed in between, 1s equal to or
shorter than V4 of the wavelength to be used for generating
clectricity.

8. The cell according to claim 7, wherein the generating,
layer 1s formed by stacking a p-type silicon layer as a p-type
crystalline silicon layer and an n-type silicon layer as an
n-type crystalline silicon layer, the p-type silicon layer and
the n-type silicon layer being single-crystal silicon layers.

9. The cell according to claim 7, wherein the generating
layer 1s formed by stacking a p-type silicon layer as a p-type
crystalline silicon layer and an n-type silicon layer as an
n-type crystalline silicon layer, the p-type silicon layer and
the n-type silicon layer being polycrystalline silicon layers.
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10. The cell according to claim 7, wherein the generating
layer 1s formed by stacking a p-layer as a p-type semiconduc-
tor silicon layer, an 1-layer as a undoped silicon layer on
which doping 1s not performed, and an n-layer as an n-type
semiconductor silicon layer, the p-layer, the 1-layer, and the
n-layer being amorphous silicon layers.

11. The cell according to claim 7, wherein the generating
layer 1s a compound semiconductor layer.

12. The cell according to claim 7, wherein the metal elec-
trode layer contains a maternal selected from the group con-
sisting of Al, Ag, Au, Pt, N1, Co, Cr, Cu, and Th.

13. A method for manufacturing the metal electrode layer
of the solar cell according to claim 1,

the method comprising;

generating dot-like microdomains that are phase separa-
tion forms of a block copolymer film; and

forming the metal electrode layer having openings by per-
forming etching, with patterns of the microdomains
being used as a mask.

14. A method for manufacturing the metal electrode layer

of the solar cell according to claim 1,

the method comprising:

preparing a transparent substrate;

forming an organic polymer layer on the transparent sub-
strate;

forming an inorganic layer on the organic polymer layer;

generating dot-like microdomains of a block copolymer
film on the 1norganic layer;

forming pillar-like portions with an organic polymer and
an 1organic material on a surface of the transparent
substrate by transferring patterns of the microdomains
of the block copolymer film onto the organic polymer
layer and the 1norganic layer;

forming a metal layer at spaces between the formed pillar-
like portions; and

forming the metal electrode layer by removing the organic
polymer.
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